Context: Age-specific estimates of mean testosterone (T) concentrations appear to vary by year of observation and by birth cohort, and estimates of longitudinal declines in T typically outstrip cross-sectional decreases. These observations motivate a hypothesis of a population-level decrease in T over calendar time, independent of chronological aging.
C ONSIDERABLE LOSS OF serum testosterone (T) is
thought to be a feature of male chronological aging (1-9). Low-serum T has been associated with numerous agerelated adverse health conditions including abdominal obesity, diabetes, and prediabetic states (such as insulin resistance, impaired glucose tolerance, and metabolic syndrome), dyslipidemia, low bone and muscle mass, impaired sexual function, depressed mood, frailty, and decreased quality of life (10 -12) . T decline across the life span therefore represents an issue of great concern for public health, but large studies of within-person decreases in T are rare.
A previous analysis of baseline (T1: 1987-1989 ) and initial follow-up (T2: 1995-1997) data from the Massachusetts Male Aging Study (MMAS) indicated that the mean longitudinal (within-subject) decline in serum total T (TT) per year of aging was more than twice the baseline cross-sectional decrease in mean TT per year of age (13) . Qualitative comparisons of other existing studies likewise indicate that longitudinal decline within subjects is generally of greater magnitude than corresponding cross-sectional trends. We have hypothesized (13) that this disparity may be attributable to rapid intrasubject declines in health among subjects enrolled in longitudinal studies. A competing hypothesis, however, asserts that a population-level decline in T concentrations confounds cross-sectional and longitudinal estimates of T decline with age. A population-level decrease in serum T levels could accelerate the longitudinal declines in T concentrations typically associated with subjects' aging and compress cross-sectional decreases associated with age. Completion of the latest follow-up wave of MMAS data collection (T3: [2002] [2003] [2004] ) allows us to investigate formally the possibility of an age-independent decline in serum T levels with calendar time.
To our knowledge, there exist no extensive published studies of changes in the age-matched distribution of T over time, but a population-level decline in serum T concentrations would be consistent with evidence of secular decreases in male fertility and sperm count (14, 15) . In this analysis, we estimated differences in serum total testosterone and calculated bioavailable T (BT) concentrations obtained from individuals of like age observed at different times (e.g. comparing TT in men who were 65 yr old in 1988 to those in comparable men who were 65 yr old in 2003). Our working hypothesis was that age-independent differences would be attributable to population-level changes in health and lifestyle observable during the nearly 20 yr of study follow-up. a baseline (T1) and two follow-up (T2, T3) waves. All study activities, including informed consent protocol, were approved by the Institutional Review Board of the New England Research Institutes.
T concentrations are subject to systematic variation due to components of study design (17) (18) (19) . Accordingly, the MMAS took steps to minimize design bias. To counteract the effects of episodic secretion of hormones, two samples were obtained at each visit and pooled in equal aliquots at the time of assay. To control the effects of diurnal variation in hormone concentrations (20) , samples were obtained within 4 h of subjects' waking. Blood was kept in an ice-cooled container for transport and centrifuged within 6 h. Serum was stored in 5-ml scintillation vials at Ϫ20 C, shipped to the laboratory within 1 wk by same-day courier, and stored at Ϫ70 C until the time of assay. All hormone values were obtained by a single technician at the Endocrine Laboratory, University of Massachusetts Medical Center, under the direction of Christopher Longcope, M.D. TT concentrations were obtained by RIA (Diagnostic Products Corp., Los Angeles, CA). T1 assays were performed in 1994, whereas T2 and T3 samples were assayed soon after in-home visits. TT inter-assay coefficients of variation were 8.0, 9.0, and 8.3 at T1, T2, and T3, respectively. TT concentrations obtained in the MMAS fall near the center of the distribution of concentrations obtained in other major epidemiologic studies (16) , and quality-control testing indicated negligible change in concentrations between T1 and T2 due either to sample storage or assay drift (5) .
SHBG was measured using RIA kits at T1 and T2, and at T3 by chemiluminescent enzyme immunometric assay using the Diagnostics Products Corp. (Los Angeles, CA) Immulite technology. SHBG interassay coefficients of variation were 10.9, 7.9, and 3.0% at T1, T2, and T3, respectively. BT was calculated using the mass action equations described by Sö dergard et al. (21) , with association constants taken from Vermeulen et al. (22) .
Covariate data
Demographic characteristics (age, education, income, marital status), health conditions (cancers, diabetes, heart disease, hypertension, and ulcer), self-assessed general health (a five-point ordinal scale), and smoking and daily alcohol consumption (23) were obtained via self-report. Self-reported diagnoses of prostate cancer were supplemented with examination of available medical records. Height, weight, and waist and hip circumferences were obtained using methods developed for largescale epidemiological field work (24) . Body mass index and waist-to-hip ratio were derived by calculation. A comprehensive inventory of all prescription medications used by subjects was obtained. Daily caloric intake was measured using the Willett 1-yr food frequency questionnaire (25) . Physical activity and energy expenditure were derived from subjects' 7-d recall of duration and frequency of their activities (26) . Depressive symptoms were measured using the Center for Epidemiologic Studies-Depression scale (27) .
Analysis sample
To enhance comparability of age distributions across study waves and to allow for analyses of T concentrations by subjects' birth cohorts, data were restricted to observations obtained on men of age 45-79 yr born between 1916 and 1945, inclusive. This yielded potential samples of 1399, 975, and 579 observations at T1, T2, and T3, respectively. Of these, we excluded all observations on the seven men who had T1 serum total T less than 100 ng/dl (3.5 nmol/liter), and two outlying observations with total T more than 1200 ng/dl (41.6 nmol/liter). One hundred twenty-six observations were excluded because they were taken on subjects who, before the relevant study wave, had a diagnosis of prostate cancer, for which treatment via hormone suppression therapy could not be ruled out. An additional 44 observations were excluded because subjects lacked complete health data. This yielded samples of 1374, 906, and 489 observations at T1, T2, and T3, respectively, totaling 2769 observations taken on 1532 men.
Statistical analysis
Exploratory analyses were conducted to assess the functional form of associations. We used mixed-effects linear regression (28) with random subject-level intercepts and slopes to estimate trends and test hypotheses. Hormone concentrations were log (base e) transformed to remove any effects of the mild skew in the data. For a covariate with associated regression estimate ␤*, we approximated the corresponding percent change in mean hormone concentrations using the quantity 100 ϫ (e ␤ *-1). Results were considered statistically significant if null hypotheses could be rejected at the 0.05 level. The significance of effects was evaluated using Wald and likelihood ratio tests. Confounders were used in multivariate models if they had considerable theoretical importance or were significantly associated with T concentrations in the presence of other predictors. All confounders were allowed to vary with time and were treated as internal time-dependent covariates (29) .
Results
A description of the analysis sample is given in Table 1 . Median baseline age was 58 yr, with interquartile range 52-64 yr. Seven hundred nineteen (52%) subjects reported at least one chronic illness, 340 (25%) were current smokers, 296 (22%) were obese (body mass index Ն 30), and 300 (22%) reported use of at least three prescription medications. Over the course of study follow-up, we observed marked increases in the proportion of subjects reporting at least one chronic illness or who were overweight or obese, as well as in the number of medications being used by subjects; there were dramatic decreases in the proportion of subjects who were current smokers or who were employed. Table 2 presents descriptive statistics for age and T concentrations at all study waves. Median TT at baseline was 501 ng/dl (17.4 nmol/liter), with interquartile range 392-614 ng/dl (13.6 -21.3 nmol/liter); the corresponding values at T3 were 391 ng/dl (13.6 nmol/liter) and 310 -507 ng/dl (10.7-17.6 nmol/liter). Among subjects on whom follow-up data could be obtained, the median lag time between observations at T1 and T2 was 8.8 yr, and between T2 and T3 was 6.4 yr.
Exploratory analyses
We used graphical displays to assess three interrelated quantities: first, the cross-sectional association between T concentrations and age at any study wave; second, the longitudinal decline of T over time associated with subjects' aging; and third, the age-matched difference between, for instance, mean T concentrations obtained from 65-yr-old men in 1988 and concentrations obtained from 65-yr-old men in 2003 (equivalently, we sought to compare T concentrations obtained in 1988 from men born circa 1923 to concentrations obtained in 2003 from men born circa 1938). A depiction of mean TT concentrations is given in Fig. 1 , which displays nonparametric locally weighted estimates of TT by age separately for each study wave. The negative slopes of the wavespecific fits correspond to the relatively modest cross-sectional decline of mean TT with age. The age-matched difference by time (denoted by the vertical distance between the fitted curves in overlapping age ranges) is likewise evident. The data suggest that the cross-sectional decline of TT within T1 is smaller than the age-matched difference between concentrations taken at T2 vs. T1, which are separated by only approximately 9 yr in time; simple linear regression estimates indicate cross-sectional TT decreases of 17 and 20 ng/dl (0.6 and 0.7 nmol/liter) per 10 yr of age at T1 and T2, respectively, whereas the mean difference between subjects age 65 at T1 vs. subjects age 65 at T2 is approximately 50 ng/dl (1.7 nmol/liter).
To explore more carefully trends associated with age and time, it is useful to depict subjects by birth cohort. Figure 2 displays all (log-transformed) TT concentrations in the analysis sample vs. age and includes mixed-effects regression (28) estimates of the average within-subject TT decline by 5-yr birth cohort. A display fitting nonparamentric locally weighted regression smooths (not shown) was similar. We refer to 5-yr birth cohorts as cohort I (men born in the years 1916 -1919), cohort II (1920 II ( -1924 , and so on, to cohort VI (1940 -1945) . Although the design of the MMAS precludes all cohorts from being observed over all ages, the pattern of decreasing TT concentrations across adjacent cohorts is compelling. That the regression lines are approximately parallel indicates that the age-matched decline over time (again indicated by vertical distances between pairs of fitted lines) is consistent across age groups.
Detailed exploratory analyses provide additional evidence of an age-matched time trend. Table 3 provides an illustrative example. Here we restrict our attention to cohorts II and IV and their associated TT concentrations at T1 and T2. Calculation indicates that, among subjects in cohort IV (born 1930 -1934) , the proportionate decline in mean TT from T1 to T2 was 16.1% (the median age at T1 was 56 yr and at T2 was 64 yr). By contrast, a cross-sectional comparison at baseline indicates that cohort II (median age 65 yr) T levels are only 5.5% lower than those of cohort IV (median age 56 yr). The age-matched time difference (comparing observations on men of similar age separated by time: cohort IV at T2 vs. cohort II at T1) is approximately 11.2%, approximately the difference between the cross-sectional and longitudinal trends. Similar effects may be observed in other combinations of birth cohorts and study waves.
Formal results: total T
An analysis of all data yields results in agreement with our exploratory observations. To estimate cross-sectional and longitudinal trends, we partition subjects' ages into two pieces: age at baseline and subsequent aging, the latter defined as calendar time since study entry. The per-year age-matched time trend was estimated as the difference between the associated longitudinal and cross-sectional regression estimates (30 -32) . Mean cross-sectional, longitudinal, and agematched trends derived from mixed-effects models of TT as a function of age and aging are depicted on the left side of Table 4 . The estimated cross-sectional decline in TT is Ϫ0.4% per year of age, with a corresponding 95% confidence interval (CI) of (Ϫ0.6%, Ϫ0.2%). The longitudinal within-subject decline is approximately Ϫ1.6% per year (CI: Ϫ1.8%, Ϫ1.4%). The age-matched time trend is Ϫ1.2% per year (CI: Ϫ1.4%, Ϫ1.0%).
We hypothesized that the presence of the age-matched time trend could be accounted for by observable secular changes in health status or lifestyle characteristics. This hypothesis relies upon an assertion that for men of, for example, 65 yr of age, health/lifestyle characteristics vary by observation time. For instance, the well-known and ongoing secular increase in obesity might explain the fact that the typical blood sample taken from a 65-yr-old man in 2003 exhibited lower TT concentrations than a sample taken from a different 65-yr-old subject in 1988 (the latter subject having been born approximately 15 yr earlier than the former). In this analysis we observed little evidence of age-independent trends with respect to most covariate factors; notable exceptions to this rule, however, were the aforementioned increases in relative weight, as well as population-level changes in the prevalence of smoking and the concurrent use of multiple medications (polypharmacy). There were substantial age-specific increases in obesity and polypharmacy over the course of study follow-up, whereas the proportion of subjects who smoked cigarettes declined dramatically in all age groups. These trends are potentially important in accounting for an apparent secular decline in TT levels, because weight gain, smoking cessation, and the use of medications have been associated with decreases in serum T (33-37). However, although controlling for these and other factors significantly associated with TT concentrations was sufficient to substantially decrease the estimates of cross-sectional and longitudinal decline in TT, the estimate of the age-matched time trend was only slightly reduced (see Table 4 ). Results were essentially unchanged when all covariate effects (see Subjects and Methods) were included in multivariate analyses.
Bioavailable T
As noted, the technology by which SHBG was measured at T1 and T2 (RIA) differed from that employed at T3 (Immulite). Because of this, observed variation in calculated BT concentrations between T2 and T3 could be artificially inflated. We therefore restricted formal estimation of crosssectional, longitudinal, and age-matched time trends in BT to values obtained at T1 and T2.
In the resulting models, as is consistent with other published results, cross-sectional and longitudinal age trends in BT were substantially sharper than those in TT. However, the age-matched time trend was similar in magnitude to that in TT and was likewise robust to control for all covariates. When only the effects of age and aging were controlled, the estimated age-matched time trend in BT values was approximately Ϫ1.4% per calendar year (95% CI: Ϫ1.8%, Ϫ1.1%), whereas when the effects of all other covariates were ac- counted for, the estimated age-matched trend was Ϫ1.3% per year (95% CI: Ϫ1.7%, Ϫ1.1%).
Sensitivity analyses.
To test the robustness of all findings, we performed a number of additional analyses. Analyses including effects for town of residence, assay batch, month of interview, and time of study visit yielded results nearly identical to those described above. Results did not change substantially when analyses of TT were restricted to data from any two of the three study waves. Likewise, results were similar when analyses of either TT or BT were restricted to men above or below certain ages, to men with complete data at all three waves, or to men in particular birth cohorts. In addition, we examined the distribution of baseline TT and BT concentrations among those subjects who had complete data vs. those who did not and found that they were comparable.
Discussion
These findings indicate that the past 20 yr have seen substantial age-independent decreases in male serum T concentrations, decreases that do not appear to be the consequence of the contemporaneous trends in health and lifestyle considered here. It remains unclear to what these apparent population-level decreases in T are attributable.
Because age, birth year, and observation time are perfectly confounded (that is, knowledge of any two determines the third), their influences are not separable through data analysis. Age-matched time differences cannot, therefore, be definitively attributed to historical (prestudy) trends affecting different birth cohorts in different ways or, rather, to contemporary secular changes in the underlying population (e.g. to age-independent increases in obesity beyond those captured in the analyses described here). As noted previously, there is little evidence that the association between T and age (that is, the slope of a line depicting the relationship between the two) depends on birth year, so that irrespective of birth cohort, decreases in T with age are constant (see Fig. 2 ). This evidence is consistent with, but does not prove, the notion that the linear T/age association is consistent across different generations and implies that the age-matched declines in T levels associated with each year of calendar time apply equally to men from 45 to 80 yr of age.
The presence of the age-matched trend itself, however, suggests that neither cross-sectional nor longitudinal investigations may properly describe the true effect of aging per se on T (30 -32) . Suppose, for instance, there were an unmeasured but persistent environmental exposure associated with decreased T levels, affecting recent generations of men at birth. In that case the cross-sectional decline in T with age might be underestimated, because younger men could have lower T levels than their historic counterparts and appear more like their older contemporaries (born before the advent of the exposure) than one would normally expect in the absence of such a hypothetical exposure.
On the other hand, if the age-matched trend is not historic but rather indicative of population-level changes occurring during the time subjects were under study, the age-matched trend denotes a secular trend in T concentrations over that time. Under this scenario it is easy to see that longitudinal estimates of change in T concentrations may in fact overstate the true effect of aging, because the observed effect of a year of aging would include not only the true age-related decreases in T but also whatever decreases the population-level secular trend imposed on all men simultaneously. Such a secular trend in T might be attributable to parallel population-level changes in the distribution of health and lifestyle factors, independent of age. We have observed, however, that although baseline and evolving health states in the study sample successfully account for a substantial proportion of the cross-sectional and longitudinal associations between age and T, they do not explain the age-matched decline in T concentrations. We therefore hypothesize that the observed age-matched decline in serum testosterone is due to some undocumented historical or contemporary influence, health-related or environmental, which manifests in observable age-matched differences in T concentrations separated either by time of observation or by birth cohort.
It is interesting to note that the estimated age-matched time trends in TT and BT are of comparable magnitude. This may not in itself be surprising, because the time trends are explicitly intended to remove the effects of aging itself, leaving only secular changes in other factors as contributors to changes in T levels with time. We can currently offer, however, no additional speculation as to whether one would expect a secular trend in BT to differ markedly from that in TT.
Some limitations of this study should be acknowledged. Though the consistency of the methods by which TT concentrations were obtained, as well as that of the age-matched time trend across all pairs of study waves, indicates that design artifacts are likely not the cause of these observations, they cannot be completely discounted as contributors to the age-matched time trends, because relatively subtle changes in measurement may contribute substantially to differences between observations separated by time. Likewise, though the evidence suggests that subject loss to follow-up has not influenced our result, we must acknowledge the possibility of biases arising from subject dropout. However, under the assumption of such a survival bias, those subjects who remained in the study, being younger (and presumably more healthy) than those lost to follow-up, would be likely to exhibit higher mean T concentrations during follow-up than would the complete sample had it been fully observed. In such a scenario, it is likely that the estimates of longitudinal and age-matched decline described here would be too low, rather than too high.
An added concern is that the covariates considered in this analysis cannot account for all known causes of T decline. Indeed, it is exceedingly unlikely that population-level T concentrations would decline with calendar time, independently of age, of their own accord. Rather, if such declines exist, they have one or several causes that themselves may be evolving over time. We have observed that several candidate causes observable at the level of the individual subject, most notably the well-known secular declines in smoking rates and increases in relative weight, do not appear to explain completely the observed age-matched trends in T. It remains possible, however, that more detailed and comprehensive measurement of such factors could fully account for the age-matched trends in T.
If the trends observed in the MMAS are real and continue, the prevalence of low T in American men will exhibit increases in excess of those to be expected given the projected aging of the population (38) . As such, it is important that future research endeavors to confirm or disprove the existence of age-independent T declines and to discover their causes, environmental or otherwise, so that they may be addressed through prevention.
